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Sommerfeld enhancement and Breit–Wigner enhancement of the dark matter annihilation have been
proposed to explain the “boost factor” which is suggested by observed cosmic ray excesses. Although
these two scenarios can provide almost indistinguishable effects on the cosmic ray ﬂuxes, the cross
sections of the self-interaction in those enhancement mechanisms are drastically different. As a result,
we might be able to distinguish them by examining the effects of the self-interaction on the dark matter
halo shapes. In the Sommerfeld enhancement models with mφ  100 MeV and mDM  3 TeV, the self-
interaction of dark matter can lead to more spherical dark halo. In the Breit–Wigner models, the dark
matter is effectively collisionless.
© 2010 Elsevier B.V. Open access under CC BY license. 1. Introduction
Recent observations of the PAMELA [1], ATIC [2], PPB-BETS [3]
and Fermi [4] experiments strongly suggest the existence of a
new source of electron/positron ﬂuxes in cosmic rays. Although
the excesses may have astrophysical sources [5,6], the annihilat-
ing dark matter interpretation remains an interesting possibility. If
dark matter is a thermal relic, however, there is a tension between
the dark matter density and the observed excesses in this inter-
pretation. That is, the required annihilation cross section of dark
matter in the galactic halo is much larger than the one appropri-
ate to explain the dark matter relic density precisely measured by
the WMAP experiment [7], i.e. 〈σannvrel〉  3×10−26 cm3/s, which
we call the WIMP cross section. As a result, the dark matter ex-
planation of the excesses requires an enhanced annihilation cross
section in the galactic halo by a factor O(102–103) with respect
to the WIMP cross section for dark matter with a mass in the TeV
range.
So far, there have been two proposals to explain the boosted
annihilation cross section in particle physics. The one is the Som-
merfeld enhancement [8–11] and the other is the Breit–Wigner
enhancement [12–14]. For other mechanisms to get an effectively
boosted annihilation cross section, see, for example, Refs. [15–17].
In the Sommerfeld enhancement scenario, the dark matter an-
nihilation is enhanced in a low-velocity environment due to an
attractive force among dark matter, which is mediated by a light
particle. In the Breit–Wigner enhancement scenario, dark matter
annihilates via a narrow Breit–Wigner resonance, and the cross
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ference between the resonance mass and the twice of the dark
matter mass is much smaller than the width of the resonance.
(See Refs. [18–20] for general discussions on the effects of the res-
onance to the dark matter annihilation.)
Since both scenarios were introduced to explain the cosmic ray
excesses in a low-velocity environment, it is rather diﬃcult to dis-
tinguish them by examining cosmic ray ﬂuxes. In this Letter, we
explore the possibility to distinguish them by investigating the
morphology of dark matter halos.
As shown in Refs. [21,22], in the Sommerfeld enhancement sce-
nario, a light particle which enhances the annihilation cross sec-
tion also mediates self-interaction of dark matter. The rather strong
self-interaction mediated by the light particle can cause too much
energy exchange of dark matter, which leads to spherical shapes
of dark matter halos. As we will discuss below, on the other hand,
self-interaction is highly suppressed in the Breit–Wigner scenario,
and its effects on the galactic dynamics are negligible. We show
that the halo shape effects of the dark matter self-interaction can
be used to distinguish two scenarios.
2. Dark matter self-interaction in two scenarios
In the Sommerfeld enhancement scenario, the self-interaction
process is dominated by the t-channel exchange of the light parti-
cle φ, which is inevitable for this type of model. To illustrate the
physical process intuitively, let’s look at the differential cross sec-
tion in the Born approximation,
dσ
dΩ
= α
2
X
m2 [m2/m2 + v2 sin2(θ∗/2)]2
, (1)DM φ DM rel
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spectively, αX denotes the ﬁne structure constant αX = λ2/(4π),
and vrel = | v1 − v2| is the relative velocity of dark matter. The en-
ergy transfer cross section σT =
∫
dΩ(dσ/dΩ)(1− cos θ∗) is given
by [21]
σT = 2π
m2φ
β2
[
ln
(
1+ R2)− R2
1+ R2
]
. (2)
Here, β ≡ 2αXmφ/(mDMv2rel) is a ratio of the potential energy
caused by the light particle at the interaction range, r ∼ m−1φ , to
the kinetic energy of dark matter, and R ≡ mDMvrel/mφ is the ra-
tio of the interaction range to the dark matter particle’s de Broglie
wavelength. Notice that Eq. (2) receives signiﬁcant corrections for
β 	 1, and we will discuss it in the next section. For values of in-
terest here, vrel ∼ 10−3 and mDM/mφ  103, R is typically larger
than one. Thus, for example, the energy transfer cross section is
given by σT ≈ 8πα
2
X
v4relm
2
DM
(ln R2 − 1) for R 	 1. Although the ﬁnite
interaction length of the Yukawa potential, r ∼ m−1φ , cuts off the
logarithmic divergence, the energy transfer cross section is still
greatly enhanced for small vrel.
The annihilation cross section, on the other hand, can be ap-
proximated roughly by
σann ∼ πα
2
X
m2DMvrel
min
[
αX
vrel
,
αXmDM
mφ
]
. (3)
Typically the Sommerfeld enhancement factor is less than O(102)
for vrel ∼ 10−3 if we require correct relic abundance of dark
matter [21,23,24]. Thus, the energy transfer cross section σT is
much larger than the annihilation cross section σann by a factor
of O(107) in the case of R 	 1, although both processes are de-
termined by the t-channel process. This is not surprising because
the annihilation requires a heavy dark matter exchange in the t-
channel and the process is dominated by the s-wave, while the
scattering is mediated by the light particle φ and higher modes of
the partial wave have signiﬁcant contributions.
Now let us consider the self-interaction in the Breit–Wigner
scenario. In this case, the annihilation cross section and the self-
interaction are both dominated by the processes of the s-channel
exchange of the narrow resonance which can be expressed by the
Breit–Wigner forms:
σann  8π
m2DMvrel
γ 2
(δ + v2/4)2 + γ 2s
BDM√
1− 4m2DM/E2CM
B f ,
σT  8π
m2DM
γ 2
(δ + v2/4)2 + γ 2s
(
BDM√
1− 4m2DM/E2CM
)2
. (4)
Here, γs is the total decay width of the resonance s normalized by
the resonance mass ms , ECM is the energy in the center of mass
frame, BDM, f denote the branching ratios of the resonance into a
pair of dark matter and the ﬁnal state particles, respectively, and
δ is deﬁned by m2s = 4m2DM(1− δ) with |δ|  1. For simplicity, we
assume that the pole is in an unphysical region, i.e. δ > 0, although
our analysis can be extended for a physical pole region straightfor-
wardly (see also discussion in Ref. [25]).
The ratio of the energy transfer cross section to the annihilation
cross section in the Breit–Wigner scenario is
σT
σann
 BDM√
1− 4m2DM/E2CMB f
× vrel. (5)
As discussed in Ref. [12], a successful enhancement factor can be
obtained forBDM√
1− 4m2DM/E2CM
 B f . (6)
Here, we have assumed that the enhancement is saturated in the
galactic halo, i.e. δ, γs 	 v2rel. Therefore, the self-interaction cross
section is much suppressed compared to the annihilation cross
section in the Breit–Wigner scenario, and hence, dark matter is
effectively collisionless. This is a drastic difference from the Som-
merfeld enhancement scenario where dark matter can have a large
scattering cross section mediated by the light particle.
3. Effects on halo shape
The large self-interaction of the dark matter causes the rapid
energy transfer in the halo and isotropize the velocity disper-
sion, which leads to a spherical halo and drives the halo towards
isothermality. These expectations have been conﬁrmed by simula-
tion in the hard sphere scattering limit [26–28]. The shapes of dark
matter halos of elliptical galaxies and clusters are decidedly ellipti-
cal, which constraints self-interaction [29]. The elliptical halo con-
straints for Coulomb interactions have been discussed in Refs. [30,
31].
According to Ref. [21], we estimate the impacts of the self-
interaction of the enhancement scenarios on the halo shape by
calculating the relaxation time for establishing an isothermal halo.
Here, we assume the time scale for isotropizing the spatial dis-
tribution of the dark matter halo is the same as this relaxation
time [31]. Then, the resultant average rate for dark matter to
change velocities by an O(1) factor [21] is given by
Γk =
∫
d3v1 d
3v2 f (v1) f (v2)(nX vrelσT )
(
v2rel/v
2
0
)
, (7)
where f (v) = e−v2/v20/(v0√π)3 is the dark matter’s assumed
Maxwellian velocity distribution, nX is its number density inside
the halo.
This rate provides a judgement on the effects of self-interaction
in the galactic dynamics. If the scattering rate is small and the
relaxation time is much longer than the typical age of galaxies, i.e.
Γ −1k 	 τg ∼ 1010 years, we expect that self-interaction does not
play important roles on the galactic dynamics. On the other hand,
if the scattering is so suﬃcient and the relaxation time is much
shorter than τg , then such scenarios have been excluded by the
observed elliptical halos. For the parameter region with Γ −1k not
far from τg , the self-interaction leaves the observable imprints on
the galaxy’s structure.
Now, let us estimate the relaxation time in the Sommerfeld
enhancement scenario. As mentioned earlier, Eq. (2) receives sig-
niﬁcant corrections in the strong interaction regime, β 	 1. In this
work, we focus on the R 	 1 region of parameter space. In this
region, quantum effects are subdominant and hence classical stud-
ies of slow moving in plasmas [32] are applicable. These studies
ﬁnd that numerical analysis of the cross section is accurately re-
produced by
σT  4π
m2φ
β2 ln
(
1+ β−1), β < 0.1,
σT  8π
m2φ
β2
1+ 1.5β1.65 , 0.1< β < 1000. (8)
We use these ﬁtted cross sections to obtain numerical results given
below.
In our analysis, we consider the well-studied, nearby (about
25 Mpc away) elliptical galaxy NGC 720 [33,34]. The average dark
matter density is nX ∼ 4 GeV/cm3 within the 5 kpc where the
72 M. Ibe, H.-B. Yu / Physics Letters B 692 (2010) 70–73Fig. 1. The solid lines (red) are contours of the time-scale of the energy transfer rate
in the Sommerfeld enhancement scenario. The dashed lines (blue) show contours of
the enhancement factor obtained with the ﬁne structure constant in Eq. (9). In the
light shaded region (blue), the classical cross sections in Eq. (8) is not applicable.
In the darker shaped region (green), the relaxation time is not so much longer than
the age of galaxy τg ∼ 1010 years, and hence, we expect observable imprints of
the self-interaction in the galactic dynamics. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this Letter.)
ellipticity constraint is strong, and the radial velocity dispersion
v2r (r)  (240 km/s)2 [21].
In Fig. 1, we show the contours of the relaxation time (solid
lines) for dark matter changing its energy by O(1) for a given mφ
and mDM. We also plot the contour (dashed lines) for the enhance-
ment factor BSF ≡ min[αX/vrel,αXmDM/mφ]. In the ﬁgure, we have
used the ﬁne structure constant determined by the dark matter
density [21], i.e.
αX =
√
3× 10−26 cm3/s
π
mDM  0.029×
(
mDM
1 TeV
)
. (9)
The ﬁgure shows that Γ −1k increases as mφ increases for a given
mDM. This is because for a larger mφ , the scattering cross section
is suppressed. For a given mφ , the larger dark matter mass leads to
the larger Γ −1k since the number density of dark matter becomes
smaller with larger mDM, and the scattering rate decreases.
Notice that in the region with mφ smaller than about 100 MeV,
and the dark matter mass smaller than about 3 TeV, the relaxation
time scale is less than 1011 years, which is not so above τg . In this
region, the effects of self-interaction are important on the shape of
dark matter halos, while effectively collisionless dark matter has
no effects on the halo shape. Thus, by comparing the predicted
halo shapes with observations, we can distinguish the Sommer-
feld enhancement scenario from the other collisionless dark matter
scenarios. To make such comparison precisely, the detailed numeri-
cal simulations with velocity-dependent self-interaction are crucial.
More data sets of NGC 720 and other elliptical galaxies and clus-
ters can make these constraints more robust.
Dark matter with strong self-interactions also predicts the for-
mation of the constant density cores. The time scale for the for-
mation of these cores is again given by Γ −1k . In the region with
mφ  100 MeV and mDM  3 TeV, we would expect NGC 720
should have a large core. Future tests for the presence of cores of
NGC 720 may provide another way to distinguish the Sommerfeld
enhancement scenario from the Breit–Wigner enhancement sce-
nario and the other collisionless dark matter model.Here, we estimate the relaxation time in the models with the
Breit–Wigner enhancement. As we have discussed in the previous
section, dark matter is effectively collisionless in the Breit–Wigner
enhancement scenario, and hence, the energy transfer cross section
is much smaller than the enhanced annihilation cross section. For
example, we can obtain a desirable boost factor for mDM = 1 TeV,
δ  3×10−5 and γs  3×10−5 while having the correct dark mat-
ter density [12]. Then, by using σT given by Eq. (4), the relaxation
time for dark matter to change velocities by O(1) factors is
Γ −1k  10
20 years, (10)
which is much longer than the age of galaxies. Here, we have as-
sumed that the inequality in Eq. (6) is saturated in the right-hand
side of the inequality. Thus, we do not expect that self-interaction
in Breit–Wigner enhancement scenario has signiﬁcant roles in the
galactic dynamics.
In the above discussion, our analysis is based on the relaxation
time scale for changing dark matter particle velocity by O(1) due
to the self-interaction. In fact, during the evolution of galaxies,
other astrophysical processes, may also affect the dark matter halo
shape. As showed in Refs. [35–38], the dissipative infall of baryons
can play important role on the dark matter halo. The assembly
of baryonic components in the galaxy center can modify the halo
shapes and render them more spherical. It makes the model com-
parison more diﬃcult. For a galaxy with the spherical dark halo,
we have to know the dominant factor on the halo shape. One pos-
sible way is to choose galaxies with low luminous component so
that the baryonic effect is guaranteed to be subdominant. And the
detailed numerical simulation of self-interacting dark matter with
baryons may also help us disentangle two factors quantitatively.
4. Summary
The Sommerfeld enhancement and the Breit–Wigner enhance-
ment scenarios were proposed to explain electron/positron ex-
cesses in cosmic ray. Both scenarios cannot be distinguished from
the cosmic ﬂuxes if we assume certain astrophysical boost fac-
tor in the Sommerfeld enhancement. However, in the Sommerfeld
enhancement scenario, the light ﬁeld, which is essential for the
enhancement, also mediates strong self-interaction of dark mat-
ter. The large self-interaction cross section can lead to spherical
shapes of dark matter halos. In the Breit–Wigner scenario, on
the other hand, the scattering cross section is much smaller than
the enhanced annihilation cross section, and dark matter is ef-
fectively collisionless. We found that in the Sommerfeld enhance-
ment scenario with mφ  100 MeV and mDM  3 TeV, the self-
interaction can have measurable effects on the halo shape. Such
effects can be investigated by careful numerical simulations of the
velocity-dependent self-interactions and deeper data sets of the
halo shapes.
We comment on the constraints on the enhancement scenar-
ios from the effects on the cosmic microwave background (CMB)
anisotropy. As investigated in Ref. [39], the large annihilation cross
section of dark matter during and after recombination time results
in too much energy deposition into background plasma and af-
fects the CMB anisotropy. The resultant constraints from the CMB
anisotropy exclude some portions of parameter spaces of both the
enhancement scenarios.
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